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Processing of advanced nitride ceramics traditionally requires long durations at high temperatures and,
in some cases, in hazardous atmospheres. In this study, dysprosium mononitride (DyN) was rapidly
formed from elemental dysprosium in a closed system at ambient temperatures. An experimental proce-
dure was developed to quantify the progress of the nitridation reaction during mechanochemical pro-
cessing in a high energy planetary ball mill (HEBM) as a function of milling time and intensity using
in situ temperature and pressure measurements, SEM, XRD, and particle size analysis. No intermediate
phases were formed. It was found that the creation of fresh dysprosium surfaces dictates the rate of
the nitridation reaction, which is a function of milling intensity and the number of milling media. These
results show clearly that high purity nitrides can be synthesized with short processing times at low tem-
peratures in a closed system requiring a relatively small processing footprint.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/3.0/).1. Introduction
Interest in rare earth element production and management has
increased signiﬁcantly in the United States (US) in the past few
years. Such ‘‘strategic materials’’ have substantially increased the
US dependence on the Republic of China, which exported 99% of
the approximately $186 million worth of rare earths to the US in
2008 for use in metallurgical applications and alloys, electronics,
catalysts, and cathode ray tubes [1]. Compared to the light rare
earth metals, relatively little published literature exists for praseo-
dymium, promethium, thulium, lutetium, and dysprosium
although scientiﬁc interest in these metals is on the rise. In the
next forty years, Hoenderdaal et al. [2] project that the demand
for dysprosia (Dy2O3) and other dysprosium compounds will
increase to between 7 and 25 times (to 14–50 ktons) the 2010
demand. This increase in projected demand largely stems from
magnetic applications in electric motors due to dysprosium’s
exceptional magnetic moment of 10.6 Bohr magnetrons, which is
second only to holmium, and its ability to induce coercivity as an
alloying agent or dopant [3]. DyN has also been investigated as a
material for ferromagnetic and semiconductor superlatticestructures for spintronic applications [4–6]. Dysprosium’s isotopes
strongly absorb neutrons and could be applied as moderator mate-
rials in nuclear reactors. Additionally, due to its physical attributes
and high vapor pressure, dysprosium mononitride (DyN) has been
postulated as a suitable surrogate for americium mononitride
(AmN) in studying its sintering and alloying effects in spent
nuclear fuel reprocessing [7–12].
Traditional synthesis routes to advanced nitride ceramics are
based on thermal treatments, which can require large amounts of
infrastructure, long processing times, and can introduce excessive
amounts of anion impurities. High energy ball milling (HEBM) is
an alternative technique that can be used to synthesize high purity
nitride ceramics in relatively short times in a sealed and controlled
environment, which reduces exposure to unwanted atmospheres.
HEBM is used in many processes that have been described in the
literature: Mechanical alloying (MA), mechanical milling (MM)
and mechanical grinding (MG), mechanical disordering (MD), reac-
tive milling (RM), reactive mechanical milling (RMM), cryomilling,
mechanically activated annealing (M2A), double mechanical alloy-
ing (dMA), and mechanically activated self-propagating high-tem-
perature synthesis (MASHS) [13,14]. HEBM is a versatile processing
technique that has demonstrated useful for producing nanometer-
structured materials, crystalline and amorphous materials, as well
as equilibrium and metastable phases [13]. A ball milling process
that is considered high energy is one that utilizes high media
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mill the powder charge. This can be accomplished in numerous
ways. Most notably, dynamic mechanical energy can be delivered
to a powder charge using a few different milling techniques,
including: horizontal ball milling, planetary ball milling (PBM),
magneto ball milling, and shaker milling (SPEX) [13–16]. Different
milling apparatuses vary in capacity, efﬁciency of milling, and spa-
tial arrangements requiring each to be characterized indepen-
dently when attempting to understand the mechanisms of the
processes.
Mechanical alloying has been used to synthesize oxide disper-
sion strengthened alloys since the 1960s and, approximately a dec-
ade later, the same process was shown to be useful as a ceramic
synthesis method, later noted as RM [13]. For the past 40 years,
RM has been investigated for the low temperature, solid state syn-
thesis of advanced ceramics. According to Huot et al. [14], RM has
been demonstrated on hydrogen storage materials using various
milling techniques for the past 10 years, resulting in approximately
one thousand publications. However, the study of RM in the syn-
thesis of non-oxide and non-hydride materials has not been stud-
ied as extensively; there are fewer than 50 publications on the use
of RM to form nitrides and fewer than 20 that used PBM. The lim-
ited number of studies that focused on producing nitride ceramics
tended to investigate transition metals and class IIIA elements such
as: Al, B, Cr, Fe, Ga, Nb, Si, Ta, Ti, V, and Zr [13,17–33]. To the best of
the authors’ knowledge, the synthesis of lanthanide or actinide
nitrides via RM has not been published other than the earlier work
of this group [7–10]. In particular, to study nitridation reaction
kinetics during RM in a PBM using in situ temperature and pressure
data is very limited; there are no studies found in the literature on
RM in a PBM to form nitrides with in situ temperature and pressure
measuring capabilities. The only studies found that have demon-
strated such capabilities during PBM are limited and stem from
the research on hydrogen storage materials [34–40].
The work described here is part of a larger effort in the under-
standing of RM (also referred to as a mechanochemical synthesis
or a mechanically induced gas–solid reaction) by high energy plan-
etary ball milling elemental dysprosium in a nitrogen atmosphere
to form dysprosium mononitride (DyN), as follows:Dyþ 1
2
N2 ! DyN ð1ÞThemechanochemical reactionwasmonitored (as a function ofmill-
ing intensity and time) using in situ temperature and pressure mea-
surements to calculate the extent of the reaction. A more detailed
kinetics study is presented on the nitridation of dysprosium in aFig. 1. Images of the dysprosium ﬁlings used as the starting materials for the kinetics stu
in nitrogen atmosphere. The ﬁlings have a surface area of 0.196 ± 0.058 m2/g.PBM in our concurrent publication [41],where a fundamentalmilling
dynamics model is used to describe the behavior of the RM process.2. Experimental details
To study theRMduringPBMof the nitridation reaction,milling experimentswere
performed in ultra-high purity (UHP) nitrogen with high purity dysprosium ﬁlings
(99.9% purity, ESPI) sieved through a 40 mesh (420 lm) sieve (Fig. 1). The ﬁlings
hada surface area of 0.196 ± 0.058 m2 g1, as determined bynitrogen adsorptionBru-
nauer–Emmett–Teller (BET) techniques. In order to gain insight into the reaction
kinetics, the internal temperature and pressure of themilling vessel were monitored
during milling in a Retsch planetary ball mill (PM100) at milling intensities varying
from 350 to 650 rpm. Each milling run was completed using a Retsch 250 mL hard-
ened steelmilling vessel (85Fe, 12Cr, 2.2C, 0.45Mn, 0.4Si) and 5 mmdiameter, spher-
ical yttria stabilized zirconiamedia (Tosoh, Tokyo, Japan). According to the respective
vendors, the milling vessel and milling media had a hardness of 62 HRC and 72 HRC,
respectively. Theball to powder ratio (BPR)washeld constant at 14:1with a total dys-
prosiummass of 5 g (70 g of YSZ media which equates to 184 spheres). The temper-
ature and pressure were monitored using a Retsch sensing lid (PM GrindControl),
which has capabilities of 273–473 K, 0–500 kPa, and can wirelessly send data at
200 Hz to a remote computer. The temperature (measured by a thermistor) and pres-
sure sensors are integrated into recessed locations in the steel sensing lid.
During each run, the milling vessels were loaded with media and dysprosium
and sealed with the temperature and pressure monitoring lid in an argon atmo-
sphere glovebox. It was then charged to approximately 450 kPa with oxygen-get-
tered UHP nitrogen (oxygen content less than 0.1 ppb as measured by a
Neutronics OA-1 oxygen analyzer). The vessel was charged to 450 kPa and relieved
(3 cycles) prior to a ﬁnal charge of 450 kPa in order to ensure a pure nitrogen mill-
ing atmosphere.
The stages of the milling process were observed through mass measurements,
SEM imaging, and powder X-ray diffraction (XRD) during a 500 rpm milling run.
The 500 rpm milling run was periodically interrupted between 0 and 6 h of milling.
Each time the process was halted, the milling vessel was transferred into an argon
atmosphere glovebox where the lid was removed and the measurements or repre-
sentative powders were taken. The same powder and media was then sealed, evac-
uated and charged with nitrogen, and secured to the mill for subsequent milling.
The effect of milling intensity was assessed by milling for 6 h at different inten-
sities from 350 to 650 rpm. After milling, the powder was separated from the mill-
ing media in the argon-ﬁlled glovebox and characterized using SEM imaging, laser-
scattering particle size analysis (PSA), and XRD. Additionally, temperature and pres-
sure data were used to assess the reaction kinetics at each milling intensity.
In each case, XRD was performed at room temperature on a Bruker D8 Discover
using Cu Ka radiation (k = 0.15418 nm). However, some of the patterns were col-
lected with a scintillation counter and some were collected with a 2-dimensional
area detector. Due to the oxygen sensitivity of the material, the XRD samples were
prepared in an argon glovebox and a semi-X-ray transparent ﬁlm was placed over
the powder ﬁlled sample holders in order to prevent oxidation during the XRD
scans.
The particle morphology after 6 h of milling at 350–650 rpm was investigated
using a Hitachi (S-3400N) thermionic cathode scanning electron microscope
(SEM) as well as a Horiba (LA-950) laser scattering particle size analyzer (PSA).
The powders were ﬁrst adhered to carbon tape prior to carbon coating in order to
obtain SEM images with reduced electron charging. For PSA, the DyN powders were
dispersed in an isoparafﬁnic ﬂuid (Isopar V, ExxonMobil) by external ultrasonica-
tion using a 750 W sonication probe prior to loading into the mixing chamber of
the Horiba analyzer. The refractive indices used for the free powder and the Isopar
V were 2.5–0.43i and 1.452, respectively.dy of the nitridation reaction to form DyN using a dry planetary ball milling process
Fig. 3. Bar chart showing the distribution of dysprosium with time throughout
planetary ball milling in dry nitrogen at 500 rpm. It is seen that the dysprosium
initially ‘‘cold welds’’ to the vessel walls and milling media but after 50 min, nearly
85% of the original mass is recovered and after 180 min, all of the powder is free
from the vessel walls and media in the form of a nitride.
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Typical in situ temperature and pressure data (collected at
0.2 Hz) from milling dysprosium with a BPR of 14:1 at 500 rpm
in UHP nitrogen is shown in Fig. 2. It is seen that the rate of change
of both temperature and pressure reach a steady state after
approximately 2.5 h. An 8 kPa increase in the pressure was
observed immediately upon starting the mill. The pressure peaked
at 22 kPa above the initial pressure before decreasing and reaching
a steady state decay rate (the constant decay is attributed to a slow
leak in the seal between the milling vessel and sensing lid). Fig. 2
also shows systematic effects of the milling process on the temper-
ature and pressure in the vessel when the mill is turned off (after
6 h of milling). The pressure immediately drops 6 kPa and decays
another 8 kPa between 0 and 9 min after stopping the mill. Addi-
tionally, as soon as the mill turns off, the temperature decreases
by 1.1 K before increasing 0.6 K and then cooling to room
temperature.
The temperature and pressure data was then used to calculate
the amount of nitrogen consumed throughout the RM process (as
shown in the inset of Fig. 2) using the ideal gas law:
n ¼ PV
RT
ð2Þ
where n is the number of moles of nitrogen gas consumed, P is the
pressure, V is the volume of free space in the milling vessel, R is the
ideal gas constant, and T is the temperature of the vessel. After
approximately 1.5 h of milling, the nitrogen consumption rate sig-
niﬁcantly slows, reaching steady state (with a slight leak) after
approximately 2.5 h. As described above, the effects of the milling
process (when starting and ending the mill) on the temperature
and pressure directly translate into the nitrogen consumption plot.
To better understand the distribution and morphology of the
products and reactants as a function of RM time, a 500 rpm milling
run, similar to that shown in Fig. 2, was periodically interrupted
and the location of the powder within the mill was quantiﬁed.
The bar chart in Fig. 3 shows the distribution of dysprosium within
the milling vessel. Initially, all of the powder was of course free
dysprosium ﬁlings. After 10 min of milling, approximately 30% of
the dysprosium was cold welded to the media and the walls of
the milling vessel. Following an additional 50 min, nearly 85% of
the initial powder mass was recovered as free powder with
the remainder still cold welded to the walls of the vessel. AfterFig. 2. Typical temperature and pressure data as recorded in situ (0.2 Hz)
throughout the reactive ball milling of 5 g of elemental dysprosium in dry nitrogen
to form DyN at 500 rpm and a BPR of 14:1. The mill was shut off after 6 h of milling.
The inset shows the nitrogen consumption calculated using the in situ temperature
and pressure data in the ideal gas law.180 min of milling at 500 rpm, all of the dysprosium could be
recovered as free powder within the milling vessel. In each case,
the free powder was imaged using SEM (Fig. 4) and was character-
ized for phase distribution by XRD (Fig. 5). From the SEM images, it
was seen that the free powder morphology changed with increased
milling time from a large plate-like morphology to more uniform
particles to a bimodal particle size after long milling times. As
one might expect, XRD showed a transition from the hexagonal
closed-pack (HCP) structure of dysprosium to the face-centered
cubic (FCC) structure of DyN with increased milling time (Fig. 5).
The diffraction intensity of the free powder after 30 min was very
weak and an unidentiﬁed peak appears. However, after approxi-
mately 60 min, the HCP diffraction pattern caused by the elemental
dysprosium diminishes and the FCC diffraction pattern of DyN
dominates. However, it is worth noting that the XRD is performed
on only the free powder obtained from the milling vessel and
therefore the nitride conversion via XRD overestimates the actual
conversion of the dysprosium charge (which is due to material
(primarily elemental dysprosium) that is cold welded to the vessel
walls, as depicted in Fig. 3). As milling time was increased, there
exists a slight shift in the lattice parameters, but no new phases
appear to have formed.
The effect of milling intensity on the rate of nitrogen consump-
tion after milling 5 g of dysprosium for 6 h is shown in Fig. 6. As
previously described, the nitrogen consumption was calculated
using the ideal gas law. However, the plot was generated after
three distinct steps were completed to post process the acquired
temperature and pressure data to allow for better comparison
between milling runs: ﬁrst, a constant leak rate was subtracted
from the pressure data, second, a shift was applied to the nitrogen
consumption data, and third, the nitrogen consumption was nor-
malized to the maximum amount of consumed nitrogen for each
run. The leak rate between the milling vessel and the lid was deter-
mined by ﬁnding a linear ﬁt to the constant nitrogen consumption
rate (as noted above). The leak rates were determined after the mill
was halted (in the 8–10 h range, when the temperature had equil-
ibrated) and were determined to be between 0.02 and 0.09 mMoles
N2 h1 for all milling runs. The shift of the nitrogen consumption
data was to account for the effects of the milling process (described
above) and was a simple positive linear shift to set the minimum
Fig. 4. SEM images of the free powder recovered throughout planetary ball milling elemental dysprosium in dry nitrogen at 500 rpm for (a) 10 min, (b) 30 min, (c) 50 min,
and (d) 24 h.
Fig. 5. X-ray diffraction patterns of the free powders resulting from reactive milling
elemental dysprosium in dry nitrogen at 500 rpm up to 12 h. It can be seen that
after approximately 1 h of milling, the only crystalline phase of the free powder is
DyN. However, as seen in Fig. 3, the conversion was not yet complete because
nearly 15% of the original mass was cold welded to the milling vessel, which was
found to be primarily elemental dysprosium.
Fig. 6. Normalized nitrogen consumption during the reactive ball milling of 5 g of
elemental dysprosium in dry nitrogen for 6 h in a planetary ball mill at various
milling intensities. The uptake was calculated using the ideal gas law and the in situ
temperature and pressure data recorded at 0.2 Hz. It is seen that the reaction
kinetics decrease with milling intensity.
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is worth noting that the shift increased with milling intensity from
0.598 mMoles of N2 at 350 rpm to 1.8 mMoles of N2 at 650 rpm,
which is 4–12% of the total theoretical nitrogen consumption in
the nitridation reaction shown in Eq. (1). The third ﬁtting step,
was to normalize the reaction extent in each milling run. This
was completed by normalizing nitrogen consumption to themaximum apparent nitrogen consumption for each milling run,
which was 92 ± 5% of the theoretical nitrogen consumption.
The effect of milling intensity on the resultant phase(s) of the
free powder is shown in the XRD patterns in Fig. 7. From this ﬁgure,
it appears to take longer than 6 h of milling at 350 rpm to complete
the dysprosium to DyN reaction, as evidenced by minor elemental
HCP dysprosium peaks in the diffraction pattern. However, the
reaction appeared to have reached completion at all greater milling
Fig. 7. X-ray diffraction patterns of the powders resulting from reactive milling
elemental dysprosium in dry nitrogen for 6 h at various milling intensities. In each
case, a phase pure DyN was formed.
Fig. 8. The particle size distribution (a) and morphology (b) obtained from free powder re
milling intensities. The particle size distribution suggests that, regardless of the milling in
the SEM images.
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after 6 h of milling at 575 rpm.
The effect of milling intensity on the resultant powder morphol-
ogy of the free powder is shown in the PSA and SEM images of
Fig. 8. The volume-based particle size distribution plots of powders
from each milling intensity are slightly bi-modal. There exists a
mode at approximately 0.2 lm with a small volume fraction of
powder but the mode at 2.6 lm dominates and contains a majority
of the volume of the powder. All of the particles appeared to be less
than 11 lm in size. Additionally, the powder retrieved from the
650 rpm milling run had a narrower particle size distribution but
is still centered at 2.6 lm. The SEM images show more irregular
particle morphologies as the milling intensity is increased.4. Discussion
For the ﬁrst time reported in the literature, the rate of a nitrid-
ation reaction through RM in a PBM has been observed via in situ
temperature and pressure measurements. Furthermore, RM in a
PBM to form a lanthanide nitride has never been published othersulting from reactive milling elemental dysprosium in dry nitrogen for 6 h at various
tensity, the average particle size was approximately 2.6 lm, which is supported by
Table 2
Table showing the effects of calculating the nitrogen consumption using the in situ
temperature and pressure data in the Benedict–Webb–Rubin equation of state versus
the ideal gas law. It is seen that the maximum error observed between the two
models occurs before the maximum nitrogen consumption rate is observed.
Milling
intensity
(rpm)
Time to maximum
observed error
(min)
Maximum
error observed
(%)
Time to maximum N2
consumption rate
(min)
350 81 1.9 175
425 66 1.8 100
500 56 2.7 78
575 38 3.1 51
650 32 3.7 39
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presented in situ pressure and temperature data, the ideal gas law
was used to quantify the gas consumption in the milling vessel
presumably because it is a robust and simple equation that is
assumed to be valid with reasonable accuracies at the milling tem-
peratures and pressures investigated [35,37,38,40,42]. To be con-
sistent with literature, the ideal gas law was also used for the
work presented here. However, Çengel et al. [43] predict that the
Benedict–Webb–Rubin equation of state (BWREoS) will have a
0.0% associated error at 200–300 K and 200–1000 kPa, similar to
the parameters of the studies presented here. The BWREoS, which
has 8 empirical constants, is derived from virial equations to the
following equation:
P ¼ RuT
v þ B0RuT  A0 
C0
T2
 
1
v þ
bRuT  a
v3 þ
aa
v6
þ c
v3T2
1þ c
v2
 
ec=v
2 ð3Þ
where the P is pressure, Ru is the universal gas constant, T is the
temperature, barv is the molar volume, and the other variables
are predetermined empirical constants speciﬁc to nitrogen, as
deﬁned in Table 1 [43].
When the two equations of state are applied to the in situ tem-
perature and pressure data from the PBM of dysprosium, a vertical
shift in the calculated nitrogen consumption was observed. The
maximum vertical shift, shown in Fig. 9 for a milling intensity of
500 rpm, increases nearly linearly with milling intensity and in
each case, the BWREoS predicts a greater nitrogen consumption
rate than does the ideal gas law, as shown in Table 2.
Table 2 shows the time within each milling intensity that a
maximum error is observed resulting from using the BWREoS ver-
sus the ideal gas law. The error is calculated as the differenceTable 1
Empirical constants used in Benedict–Webb–Rubin equation (Eq. (3)) of state
calculations [43] to estimate nitrogen consumption using in situ temperature and
pressure data collected during the RM of dysprosium to form DyN.
a A0 b B0 c C0 a c
2.54 106.73 0.002328 0.04074 7.379E4 8.164E5 1.272E-4 0.0053
Fig. 9. Plot showing the variance in the nitrogen consumption calculated using the
ideal gas law and the Benedict–Webb–Rubin equation of state throughout the
reactive ball milling of 5 g of elemental dysprosium in dry nitrogen to form DyN at
500 rpm and a BPR of 14:1. The variance from the two calculations varies from 1.9%
at 350 rpm to 3.5% at 650 rpm, with the ideal gas law always predicting less
nitrogen consumption.between values predicted by each equation of state relative to
the maximum theoretical nitrogen consumption of 5 g of dyspro-
sium, which is 15.4 mMoles of N2. Table 2 also shows the time at
which the maximum nitrogen consumption rate is observed for
each milling intensity, which was found using the ﬁrst derivative
of the consumption data calculated using the ideal gas law. A
nearly linear relationship was observed between the milling inten-
sity, the maximum observed error, and the time where the
maximum error was observed. The observations presented here
suggest that the ideal gas law tends to underestimate the amount
of nitrogen consumed during RM by 2–3%. However, when consid-
ering reaction rates, the ﬁrst derivative of the moles consumed ver-
sus time is the primary factor and small linear shifts of the amount
of moles consumed due to the equation of state calculations
(within the temperature range observed) are inconsequential.
The peculiar temperature and pressure behavior that is
observed at the beginning of the milling process (Fig. 2), which also
becomes more pronounced with milling intensity, was observed by
a few authors studying the hydrogenation of magnesium and mag-
nesium alloys [14,35–37]. In this prior work, the temperature
increase during the ﬁrst 30 min of milling was attributed to the
‘‘mechanical action’’ of the mill. The initial behavior of pressure
was attributed to an ‘‘incubation period,’’ where a critical number
of defects are created before the dissociation of H2 and subsequent
diffusion into the bulk magnesium can occur (marked by the onset
of decreasing pressure). Doppiu et al. [36] present traces at hydro-
gen pressures ranging from 1 to 8 MPa which show a signiﬁcant
decrease in the ‘‘incubation period’’ and increase in the hydrogen
absorption rate with increasing initial hydrogen pressure. The
authors proposed two regions of hydrogen uptake: hydrogen
absorption and nucleation of the hydride phase, with the latter of
the two being much slower and only happening after a signiﬁcant
amount of hydrogen is absorbed and dissolved into the magne-
sium. However, in the case of rare earth elements, the tendency
for nitrogen dissolution is low and it has been shown that diatomic
nitrogen will preferentially dissociatively chemisorb on clean dys-
prosium surfaces at 300 K rather than be adsorbed and subse-
quently dissolved into the metal [44]. It is therefore postulated
that as fresh surface is created through the milling process, nitro-
gen will spontaneously dissociate on the dysprosium surfaces.
Since it is thought that the dissolution of nitrogen in dysprosium
is low, it will nearly instantaneously form DyN at a rate that is
directly proportional to the creation of fresh, clean surfaces (which
is a dependent on the number of media, the media impact fre-
quency, and the media impact energy) and is further described
and modeled in our concurrent publication [41]. This is a concept
also discussed by Bab et al. [42] in the nitridation of hafnium in
a vibratory mill.
To better understand the inﬂuence of the milling process on the
apparent nitrogen consumption behavior, the effects observed in
temperature and pressure traces during the early stages of RM
Fig. 10. Temperature and pressure behavior sensed by the sensing lid when the milling vessel assembly is placed on a constant heat source of 332 K and removed after 2.5 h.
The inset shows the effects of the readings on the apparent change in nitrogen content as calculated using the ideal gas law. Note: the effects are an order of magnitude less
than the consumption in the Dy + N2? DyN reaction.
Table 3
The effects of the media and dysprosium charge on the in situ temperature and
pressure increase observed in the initial stages of milling dysprosium in nitrogen at
500 rpm with a 14:1 BPR of 5 mm diameter YSZ milling media (184 spheres) and
dysprosium ﬁlings.
Temperature increase (K) Pressure increase (kPa)
Media and Dy 18 ± 1 22 ± 1
Media only 16.5 ± 0.2 16 ± 3
No charge 11 ± 1 1 ± 2
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the early stages of the milling process was to better understand the
lag in sensing between the temperature and pressure monitors. It
is assumed that a large fraction of the heat input into the milling
vessel is contributed by the electrical motor and the mill itself
via conduction through the bottom of the milling vessel where
the mill and the vessel were in contact. Accordingly, a milling ves-
sel that was loaded, sealed, and pressurized was placed on a hot
plate preheated to 332 K while temperature and pressure data
were recorded with the sensor lid. The resultant data from the
sensing lid is shown in Fig. 10 (the apparent change in nitrogen
content is shown in the inset and was calculated using the ideal
gas law).
The temperature sensed at the top of the vessel (where the tem-
perature sensor is located) reached an equilibrium in 2.5 h at a
temperature of 314 K, or 18 K cooler than the heat source. Once
the temperature and pressure were both near equilibrium, the ves-
sel was removed from the heat source and placed on an insulated
bench at room temperature, where it took an additional 4.5 h to
cool back to room temperature. From the collected data, a 5 min
lag was observed in the temperature reading compared to the pres-
sure reading even under static conditions. The temperature dis-
crepancy between the source and the sensor is presumed to be
due to natural convective losses to the surrounding environment
causing a temperature gradient from the heat source at the bottom
of the vessel to the temperature sensor at the top of the vessel.
Additionally, by assuming the heat source is at the bottom of the
vessel and that the convection is the main source of heat loss
resulting in a temperature gradient, it is reasonable to assume that
the temperature gradient will increase with milling intensity. As
the mill is rotating faster, a higher ﬂow of air is passed over the
milling vessel and convective cooling becomes more prominent.
In any case, it is presumed that the temperature of the atmosphere
within the milling vessel is at an intermediate temperature value
that falls between the value at the heat source and that of the
sensor.
The rise in pressure during the constant heat source experiment
is the result of gas expansion with increasing temperature in a con-
stant volume. The discrepancy in temperature (as described above
and shown in the inset of Fig. 10) between the mean temperature
of the vessel and that measured by the sensor in the milling lidresults in an apparent consumption of nitrogen, as calculated by
the ideal gas law. This apparent nitrogen consumption was solely
the effect of non-equilibrium conditions (temperature) within the
vessel.
To quantify the relative contributions of the mill, milling media
impacts, and mechanical deformation of dysprosium to the heat
generation measured by the pressure and temperature sensors,
the milling process was duplicated with and without milling media
and dysprosium. The results are shown in Table 3, with the error
determined from the standard deviation of at least 3 milling runs.
When a sealed vessel was milled with no media and no dyspro-
sium, the average temperature and pressure increases were 11 K
and 1 kPa, respectively. The temperature and pressure both
increased with the addition of milling media and again with addi-
tion of dysprosium. The data collected with the YSZ media and the
5 g of dysprosium to create the 18 K and 22 kPa increases in tem-
perature and pressure are seen in Fig. 2.
From these experiments, it was found that approximately 61%
of the heat measured during milling is due to the mill itself bal-
anced with the heat dissipation by convection and conduction dur-
ing the milling process. The addition of media alone causes an
additional 31% increase, and the addition of dysprosium to the
milling process accounts for only the remaining 8% of the mea-
sured heat generation, or a statistical increase of approximately
1.5 K when 5 g of dysprosium is added to the milling vessel. The
additional heat increase from the addition of dysprosium can be
explained by a decrease in coefﬁcient of restitution of the milling
media as dysprosium cold welds to the media and vessel walls in
the early stages of milling, as shown in Fig. 3 (a concept that is
more thoroughly explained and modeled in a concurrent publica-
260 B.J. Jaques et al. / Journal of Alloys and Compounds 619 (2015) 253–261tion [41]). As the coefﬁcient of restitution of the milling media
decreases, it suggests that collisions become less elastic and result
in greater energy transfer to the milling vessel during media
impact events, further increasing the temperature measured. These
results indicate that, contrary to publications on hydrogenation of
metals, most of the pressure and temperature increase at the
beginning of a milling run may be attributed to the mill itself along
with heat dissipation from milling media rather than any speciﬁc
‘‘mechanical action’’ on the milled material.5. Conclusions
An experimental method has been developed and implemented
to quantitatively assess the in situ nitrogen consumption during
RM elemental dysprosium in a PBM to form DyN at ambient tem-
peratures. To the best of the author’s knowledge, in situ nitrogen
consumption in a PBM has not been presented for any element
in the literature to date; although there are publications that have
used in situ monitoring to study hydrogen uptake in the synthesis
of hydrogen storage materials in a PBM. This study presents an
understanding of the effects of the mill on the apparent rate of
nitrogen consumption at the beginning and end of the milling cycle
to allow future researchers to deduce these effects from the RM
process. The Dy-N system is a model system to develop an under-
standing of RM in a PBM due to the fact that no intermediate
phases are known to exist in the Dy-N system other than stoichi-
ometric DyN. However, the lack of thermodynamic data available
in the literature for the Dy-N system complicates the assessment.
From the work presented here and our concurrent publication
[41], it is presumed that the rate of the nitridation reaction of dys-
prosium is limited by the creation of fresh, reactive surfaces which
catalyze the dissociation of diatomic nitrogen and allow for the
spontaneous formation of DyN. The rate of creation of such fresh
surfaces can be controlled by the milling intensity or the number
of media, which are both related to the number of impacts per unit
time.
The results of this investigation demonstrate that advanced
nitride ceramics, which traditionally require long durations at high
temperatures in hazardous atmospheres, can be synthesized in
short times, at low temperatures, and in a closed system. This scal-
able process produces a ﬁnal product that has a homogenous and
ﬁne microstructure that can be easily shaped and consolidated
using conventional sintering processes.Acknowledgement
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